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TRANSMISSION  OF  30  GPS  SOUND  IN  DEEP  WATER 

by 

H.  L.  P088 


ABSTRACT 


The  transmission  of  30  cpe  sound  in  deep  water  has  been  stud- 
ied using  bottomed  detectors  at  Bermuda  and  Puerto  Rico.  An  A Mark 
6(b)  rainesweeping  gear,  modified  to  operate  synchronously  at  30  cps, 
was  used  for  a sound  source. 

The  ra,diation  pattern  of  the  source  at  short  range  is  in  agree- 
ment v;ith  that  calculated  from  a source  plus  Image  model.  At  in- 
creased range,  th°  experimental  values  fall  off  less  rapidly  than 
the  model  predicts  because  of  bottom  reflections  and  transmission 
in  the  bottom  layers.  At  large  ranges,  In  work  southeast  of  Bermuda, 
sound  pressure  falls  off  at  an  inverse  square  rate  out  to  about  10 
miles  after  which  it  approaches  cylindrical  spreading.  At  Puerto 
Rico,  north  of  San  Juan,  sound  pressure  is  proportional  to  R-«/2  out 
to  30  miles.  Spot  measurements  were  continued  out  to  300  miles  and 
are  consistent  with  the  peaks  and  dips  appearing  In  more  detailed 
shot  data  and  a ray  analysis  available  for  this  area.  The  initially 
rapid  fall  off  is  determined  by  bottom  constants  euid  elope  parameters 

A study  of  possible  broadening  of  the  signal  In  its  transmleslon 
through  the  ocean  was  made  both  by  passing  It  through  a bank  of  very 
sharp  filters  and  by  a phase  comparison  method  which  enabled  the 
small  Doppler  shift  in  frequency  to  be  determined.  Although  at  times 
subject  to  large  amplitude  fluctuations  which  obscured  the  phase  meas 
urements,  at  other  times,  the  signal  maintained  Its  phase  coherency 
out  to  the  full  distance  of  300  miles. 
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INTRODUCTION 


One  of  the  problems  that  has  been  investigated  at  Hudson  Lab- 
oratories in  the  field  of  sound  propagation  concerns  the  transmission 
of  a 30  cps  signal  In  deep  water.  In  addition  to  measuring  sound 
pressure  as  a function  of  source  to  detector  distance,  we  also  wished 
to  determine  If  such  a signal  becomes  broeuiened  In  Its  passage  through 
the  ocean  so  that  when  received  Its  energy  would  be  distributed  over 
a frequency  band  appreciably  wider  than  the  Initial  one.  Such  Infor- 
mation would  be  of  value  in  planning  long  range  listening  systems 
based  on  arrays  or  sharp  filters.  It  would  also  be  of  use  in  consid- 
ering methods  for  long  range  underwater  communication  between  sub- 
merged submarines  and  In  studying  the  feasibility  of  low  frequency 
sonar  systems. 


The  first  problem  was  to  develop  a source  which  would  be  stable 
in  frequency  to  about  one  part  In  10,000  at  30  cps  since  we  hoped  to 
distinguish  frequency  changes  of  this  order.  For  this  purpose,  it 
proved  possible  to  modify  an  A Mark  6(b)  minesweeping  gear.  This  type 
of  sound  source  contains  a 7 1/2  hp  de  motor  which  drives  two  opposed 
pistons  through  an  eccentric  mechanism.  The  piston  diameters  are  27 
inches  and  their  amplitudes  of  motion  ai*e  each  1/6  Inch.  From  these 
dimensions;  the  calculated  acoustic  power  output  et  30  cps  Is  200 
watts.  The  modification  consisted  of  placing  a 1 hp  1600  rpm  syn- 
chronous motor  on  the  same  shaft  as  the  dc  motor.  The  synchronous 
motor  is  fed  from  a 1 kw  vacuum  tube  power  amplifier  driven  by  a tun- 
ing fork  controlled  oscillator.  The  dc  motor  Itself  Is  fairly  stable 
and  supplies  most  of  the  power.  The  synchronous  motor  is  thus  not  re- 
quired to  exceed  Its  rating  and  In  practice  maintains  the  shaft  at 
synchronous  speed  over  long  periods  of  operation.  Details  of  the  mod- 
ification may  be  found  in  another  report.^ 


The  source  was  towed  by  the  1133  AJ-LEGHENY 
reported  herein.  Operations  were  conducted  of 
Bermuda,  using  the  Navy  3ofar  Station  geophone 
and  north  of  San  Juan,  Puerto  Rico.,  where  this 
own  hydrophone  installation.  At  Bermuda,  the 
to  a distance  of  140  miles.  At  Puerto  Rico.,  t 
of  the  source  was  studied  when  it  was  ir.  the  v 


for  the  measurements 
f the  eastern  end  of 
to  detect  the  signal, 
laboratory  has  its 
source  was  towed  out 
he  radiation  pattern 


'Ts  In  r\  m o o 


Icinity  of  the  hydro- 
In  addition,  it  v/as  operated  out  to  a distance  of  300  mil<^a 


The  source  depths  used  in  the  measuremciito  were  42  ft  and  84  ft,  these 
being  one-quarter  and  one-half  wavelength,  respectively „ for  30  cps 
sound.  The  hydrophones  used  as  detectors  were  Bell  Labe nai uriea ‘ 
moving  coll  units  typ*'  G3-55156. 


Preliminary  accounts  of  some  of  these  measurements  have  been  giv- 
en in  previous  report  s « ’ 
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INSTRUMENTATION 


A.  Sound  Level 


A block  diagram  of  the  equipment  used  at  Puerto  Rico  Is  shown 
in  Fig.  1.  The  moving  coll  hydrophone  la  transformer  coupled  to 
a preamplifier  at  the  cable  termination  on  the  beac^.  The  pre- 
amplifier output  at  a low  Impedance  level,  Is  sent  hy  underground 
cable  a distance  of  several  hundred  feet  to  the  laboratory.  The 
signal  then  goes  through  a 30  cps  amplifier  having  a bandwidth  of 
1 cps  between  the  half  power  points.  The  amplifier  la  patterned 
after  a commercial  design  and  employs  a twln-T  network  In  a fre- 
quency-selective feedback  loop.  To  record^! sound  pressure  level, 
the  amplifier  output  was  connected  to  a Bruel  4 KJaer  logar’lthmlc 
level  recorder  having  a 50  db  range. 

There  are  two  moving  coll  hydrophones  at  Puerto  Rico,  one  at 
a depth  of  200  fathoms  and  the  other  at  a depth  of  470  fathoms.  The 
calibration  circuit  Indicated  In  the  block  diagram  enabled  a known 
30  cps  signal  to  be  Introduced  In  series  with  one  of  the  moving  coll 
hydrophone  leads  so  that  the  gain  of  the  overall  system  could  be 
measured.  The  hydrophones  had  been  calibrated  before  being  Installed 
so  that  it  was  possible  to  convert  the  hydrophone  output  voltage  Into 
dynes/cm^  to  obtain  the  sound  pressure. 


B.  L ine  Width  and  Doppler  Shift 


To  measure  broadening  of  the  signal,  one  method  of  approach  was 
to  pass  the  signal  throagh  a bank  of  very  sharp  filters  In  order  to 
examine  It  for  possible  BtT'ucture.  Another  means  was  to  measure,  by 
a phase  comparison  method,  the  small  Doppler  shift  caused  by  the  mo- 
tion of  the  sound  source  through  the  water.  It  was  possible  to  meas- 
ure such  shifts  fairly  well  indicating  that  the  line  width  was  small 
compared  to  the  shift. 


The  sharp  filters  were  also  -sod  to  detect  the  signal  and  to 
mp;^>3i,re  scund  pressure  in  regions  where  the  slgnal-to-noise  ratio 
was  too  low  to  permit  reliable  measurements  to  be  made  with  the  30 
cps  airipiifier  alone. 


The  filters  represent  a somewhat  unconventional  use  of  commer- 
cially available  components.  It  has  been  found  that  tuning  forks 
of  the  type  intended  for  oscillator  applications*  can  be  used  as 

* Tuning  forks  v;ere  supplied  by  tns  Rlverbank  Laboratories,  Geneva, 
II- Vnois. 
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very  sharp  filter  elements.  Opposite  each  tine  of  the  fork  Is  a 
coll  wound  on  a magnetic  core.  If  an  alternating  voltage  of  the 
fork’s  resonant  frequency  is  applied  to  one  coll,  the  fork  is  set 
into  vibration  and  an  alternating  voltage  of  the  applied  frequency 
is  induced  in  the  second  coil.  If  the  applied  frequency  is  not  the 
resonant  frequency,  the  fork  vibrates  only  weakly  because  it  con- 
st it  utes  a high  Q mechanlc-al.  system,  and  the  output  voltage  is  much 
lower  than  at  resonance. 

The  tuning  fork  and  the  associated  coils  thus  constitute  a 
very  selective  filter.,  the  critical  properties  of  which,  such  as 
resonant  frequency,  bandwidth,  and  stability,  are  determined  by  the 
fork.  Tuning  forks  are  presently  available  which  have  very  low 
damping  and  a frequency  stability  of  a part  per  million  per  degree 
centigrade . 

The  response  of  typical  tuning  fork  filters  that  we  have  used 
at  30  cps  is  illustrated  in  Figs.  2a  and  2b.  The  response  curve  in 
Fig.  2b  was  determined  directly  by  varying  the  input  frequency  in 
small  steps  in  the  vicinity  of  resonance.  The  tuning  forks  have 
adjustable  screw  type  weights  which  permit  their  frequencies  to  be 
varied  over  a range  of  about  0.1  cps.  An  oscillate^  controlled  by 
one  Such  tuning  fork  was  used  in  the  measurement.  The  frequency 
increments  were  measured  by  comparing  its  frequency  with  that  of  a 
fixed  tuning  fork  oscillator.  In  Fig.  2b,  the  selectivity  was  in- 
ferred from  a measurement  of  the  decay  of  the  oscillations  when  the 
input  to  the  filter  was  removed.  The  exponential  character  of  the 
decay  is  evidence  that  the  filter  obeys  the  equations  for  a damped 
linear  oscillator  or  analogous  R^-L-C  circuit,  the  osclllatlona  of 
which,  for  the  case  of  low  damping;  decay  as  ct 

Here,  f is  the  resonant  frequency,  Af  is  the  bandwidth  between 
the  half  power  points,  and  Q Is  defined  as  f/Af. 

A bank  of  eight  filters  was  used  tuned  at  0.01  cps  intervals 
above  and  below  30  cps.  They  have  Q,’s  of  8000,  their  bandwidtha 
then  being  less  than  0,004  cps.  The  input  and  output  coils  of  the 
tuning  forks  have  resistances  of  1600  ohms.  The  eight  input  coils 
are  In  parallel  and  were  driver  by  a sepfirate  amplifier  to  prevent 
loading  dov;n  the  30  cps  amplifier.  Input  voltages  were  kept  below 
0.3  volts,  for  if  the  forks  are  caused  to  vibrate  a.t  too  great  an 
amplitude,  their  frequencies  shift  slightly  and  tnelr  outputs  a’^e 
no  longer  linear  with  respect  to  the  applied  voltage.  The  outputs 
of  the  filters  are  several  hundredths  of  a volt  and  may  be  read 
directly  with  a sensitive  vacuum  tube  voltmeter.  For  continuous 
records,  the  outputs  were  amplified  by  Tektronix  type  122  preampli- 
fiers rectified,  and  then  fed  to  linear  level  recorders. 
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The  transient  response  of  three  filters  to  the  sudden  appli- 
cation of  a 30  cps  test  signal  Is  shown  In  Fig.  3.  The 
recordings  of  the  filter  output  voltage  amplitudes.  The  outputs 
of  the  off-frequency  filters  first  fluctuate  because  of  beats  be- 
tween the  filters'  natural  frequencies  and  the  applied  frequency. 
Several  minutes  are  required  before  the  steady  state  condition  is 
established  because  of  the  low  damping.  The  steady  state  value 
is  seen  to  be  largest  for  the  filter  tuned  to  the  applied  frequency. 

The  Doppler  shifted  frequency  of  the  source  could  be  obtained 
directly  by  noting  which  particular  tuning  fork  filter  had  the  high- 
est output,  but  this  effect  was  more  conveniently  studied  by  a phase 
comparison  method. 

The  Doppler  shift  in  frequency  is 

Af  = i f (v/c) 

for  source  velocities  v small  compared  with  the  sound  velocity  c. 
The  shift  for  i equal  to  30  cps  is  then 

Af  i o.oiov 

the  source  velocity  v being  measured  in  knots.  For  typical  tow- 
ing speeds  of  2 : o 3 knots,  ^if  is  accordingly  0,02  to  0.03  cps. 

To  measure  Af  by  the  phase  comparison  method,  the  signal, 
filtered  through  the  30  cps  amplifier,  is  connected  to  one  channel 
of  a phasemeter.*  A 30  cps  tuning  fork  oscillator  is  connected  to 
the  other  channel  as  indicated  in  the  block  diagram  (Fig.  1).  The 
frequency  of  this  oscillator  had  been  previously  set  to  be  one-half 
the  frequency  of  the  60  cps  tuning  fork  oscillator  which  operates 
the  synchronous  motor  of  the  sound  source  through  a power  amplifier 
as  described  in  tlf  “ ' ^ .ctlon,  The  ourput  of  the  phasemeter  in- 
dicates the  phase  dii'it'rerice  between  the  signals  in  each  channel 
and  v/ae  recorded  on  a recording  cic  mil li  ammeter. 

Thus,  if  the  reference  voltag*^  ,xppi : ed  by  the  tuning  fork 
oscillator,  Vi  sin  2 'tf  ft„  is  connecred  to  channel  A and  the  slg- 
nax,  Vp  sin  2 7/  (f  '*■  A f ) t ig  c or  nee  ted  tu  channel  B,  the  phase 
difference  betv;een  channels  A and  B 

0A  - 0B  - - 2. ''.I  ft. 

If  in  a time  T,  Aa  - changes  by  2 -f  . 

A f = i 1/T. 


Technology  Ins : r umenn  Corporation.  Model  320-A. 
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The  time  T is  measured  directly  from  the  phasemeter  trace,  examples 
of  which  are  dlscuased  in  the  following  section.  is  positive  if 

PB  is  observed  to  decrease  in  time,  and  negative  if  the  oppo- 
site 18  troe. 


MEASUREMENTS 


A.  Short  Ranges 


The  radiatlor  pattern  of  the  sound  source  may  be  simply  calcu- 
lated on  a source  plus  image  basis  where  the  image  is  a distance 
abovi;  The  surface  equal  to  the  source  depth  and  is  equal  but  op- 
posite in  phase  lo  the  source.  The  boundary  condition  of  zero  pres- 
sure is  then  satisfied  for  the  free  surface  of  the  ocean.  Because 
of  bottom  reflections  and  deviations  of  the  ray  paths  from  straight 
li'neS;  the  observed  results  cannot  be  expected  to  agree  with  the 
theoretical  ones  for  large  source  to  detector  distances.  Never- 
theless., the  caicula'ions  urcvide  a basis  for  a more  detailed  anal- 


The  source  can  be  treated  as  spherical  since  its  dimensions 
are  small  compared  to  wavelength.  Referring  to  the  diagram  in 
Pig,  4,  we  t^e  the  source  and  image  pressures  to  be 

V «kH2  <l^Ri 

!C/P2  'T-J  and  - (C/R;^)e'5 

respecr ively,  where  the  time  factor  has  been  suppressed.  For  dis- 
tances large  compared  with  the  source  depth  d,  the  resultant  pres- 
. sure  amplitude  is  then 


2C/P 


sin  • kd  sin  &) 


:e  di  stance  fi 
- i mage  ox : s , 


R is 
source 

surf a:e  and  R 
f or 
ha: 

m um  r a d i at  1 c-  n o ■: 
leng-n  depth,  the  maximum  radiation 
values  of  0,  * he  pressure  amplitude 


. 1 n rr 


cm  the  obse:  . .'.it  Ion  point  to  the  center  of  the 
k - 2 V'  , and  @ is  the  angle  t-etwuen  the 

4 shows  the  polar  plots  of  pressure  amplitude 

For  the 
raaxi- 

f^>,  a rr  20°..  ‘wl-ile  fox'  trie  quar ten -wave 

-s  directly  downward.  For  sraal' 
for  1 1.  e h a]  f - w a ve  1 <=  n g " h.  d e p t h 


rfaoe  and  B.  r*  ig.  4 shows  the  polar  plots  of  pressure  am 
r source  depche  of  one- quarter  and  ore-naif  wavelength.  F 
: f-wavfclength  depth,  there  is  a nu...!  bej.ow  the  source,  the 


is  twice  that  fo:  the  quarter-wavelength  dept.n 


A series  of  runs  were  made  in 
both  hydrophones  so  that  the  obser 
range  could  be  compared  with  that 
i mage  c -Ic  ulat  ,x  or  . Runs  were  made 


which  thfc  source  war  row^d 
cfcd  radiation  pat  ter  n a'.  .'1 

e X e c t e d f v t' m i lie  so u ' • c e p 1 
in  the  east-west  direction 


ove 
G se 
u 3 
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(parallel  to  shore)  and  in  the  north-south  direction.  The  U3S  ALLE- 
GHENY, which  was  towing  the  source,  was  tracked  by  two  shore  baaed 
transit  stations.  The  stations  radioed  their  readings  to  the  ship 
so  that  it  could  follow  a preassigned  course.  The  transit  readings 
were  sufficiently  accurate  to  locate  the  ALLEGHENY  to  within  about 
50  yards  at  any  time  during  the  run. 

The  location  of  the  hydrophones  had  been  determined  previously 
by  measuring  the  first  eu-rlval  times  of  sound  from  shots  fired  by 
the  ALLEGHENY  in  a series  of  tracks  near  the  hydrophones.  The  in- 
tersection of  the  perpendicular  to  a track  at  the  point  of  minimum 
travel  time  with  like  perpendiculars  to  other  tracks  determines 
the  hydrophone  position.  As  a check,  it  was  also  possible  to  de- 
termine the  hydrophone  location  during  a ’"un  with  the  sound  source 
by  similarly  drawing  perpendiculars  to  t r tracks  at  the  points 
v^hern  the  Doppler  shift  was  zero. 

An  example  of  such  a determination  for  the  case  of  the  shallow 
hydrophone  is  shown  in  Fig,  5.  The  trace  is  a record  of  the  phase 
difference  between  a reference  oscillator  and  the  signal  as  described 
under  Instrumentation.  The  retrace  lines  occur  where  the  meter  Jumps 
between  the  equivalent  0®  and  360®  positions.  The  phase  difference 
is  first  observed  to  be  decreasing  with  time  showing  that  the  signal 
frequency  is  higher  than  the  standard,  indicating  approach.  As  time 
increases,  the  rate  of  change  of  phase  decreases  until  it  la  momen- 
tarily zero  at  the  point  of  closest  approach.  It  then  starts  to  in- 
crease, meaning  a lowered  signal  frequency  and  indicating  recession 
from  the  hydrophone.  Since  the  ALLEGHENY'S  speed  was  only  about 
100  yd/mln,  the  zero  point  can  be  located  quite  well. 

A continuous  record  of  sound  r'ressure  level  was  mcvle  cn  the 
logarithmic  level  recorder.  For  ranges  over  1000  yd,  in  the  case  of 
the  shallow  hydrophone,  and  over  2000  yd,  for  the  deep  hydrophone,  a 
number  of  sharp  minima  occurred  in  the  sound  level  record.  It  ap- 
pears plausible  to  identify  these  v/ith  interference  mlniaa  resulting, 
from  sound  reaching  the  hydrophone  over  more  than  one  path.  For  ex- 
ample, some  dips  can  be  attributed  reasonably  well  to  interference 
between  the  direct  ray  and  the  one  critically  refracted  In  the  bottom 
layer.  Irregularities  In  the  bottom  contours  and  uncertalnt.y  in  the 
bottom  constants  prevent  the  identification  from  being  certain. 

Sound  levels  xvere  converted  to  decibels  above  one  dyne/cm^  using 
the  calibration  eystem  mentioned  under  Instrumentation.  The  absolute 
calibration  of  the  hydrophones  is  described  in  another  report. 5 The 
mounted  hydrophones  were  calibrated  in  water  at  the  U.3.  Navy  Under- 
water Sound  Reference  Laboratory  in  Orlando,  Florida,  down  to  40  cps 
so  that  it  was  necessary  to  extrapolate  the  curves  to  50  cps.  Unfor- 
tunately, there  is  an  uncertainty  of  several  decibels  in  the  extrapo- 
lation because  of  other  measurements  on  the  hydrophones  made  at  the 
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Bell  Telephone  Laboratorlee  which  conflict  with  those  from  Orlando. 

The  uncertainty  is  In  a direction  to  lower  sound  pressure  values 
based  on  the  Orlando  measurements. 

Neglecting  the  series  of  minima  mentioned  above,  In  Figs.  6a 
and  6b  pressure  levels  are  plotted  against  range  for  runs  over  the 
deep  and  shallow  hydrophones  at  the  two  source  depths.  Curves  based 
on  the  source  plus  Image  model  are  Included  for  comparison.  They 
have  been  normalized  to  the  experimental  curves  at  the  maximum  values 
of  the  latter. 

It  can  be  seen  that  the  experimental  curves  match  the  theoret- 
ical ones  fairly  well  in  the  vicinity  of  the  hydrophones  but  that  for 
increasing  range,  the  experimental  values  fall  off  less  rapidly.  The 
discrepancy  Is  an  indication  of  the  amount  of  sound  energy  reaching 
the  hydrophones  because  of  bottom  reflections  and  transmission  In  the 
bottom  layers.  Conditions  v/ere  not  sufficiently  Ideal  for  the  null  to 
be  complete  at  the  half-wavelength  depth. 

The  absolute  values  of  sound  pressure  at  the  hydrophones  may  be 
readily  calculated  from  the  source  plus  Image  model.  For  spherical 
radiation  from  a simple  source,  the  pressure  amplitude  is 

The  source  strength  Q for  a uniformly  vibrating  body  equals  the 
product  of  surface  area  and  velocity  amplitude.  For  the  sound  source 


where  D Is  the  piston  diameter,  f is  the  frequency,  and  A Is 
the  piston  amplitude. 


When  the  source  at  the  quart er-v;avelength  depth  Is  over  a hydro- 
phone, the  source  and  image  pressures  add  so  that 

P = D^t  '^A/R 

The  ratio  of  sound  pressures  for  the  source  over  the  shallow  and 
over  the  deep)  nyrirophone  should  ther:  Ir  inversely  as  the  rai'io  of 
their  depths.  Their  depths  being  201  and  4'?0  fathoms,  che  pres- 
sure levels  with  the  source  over  each  ehould  differ  by  '’.5  db.  It 
should  b noted  that  the  ratio  is  unchanged  If  the  sound  pressure 
at  the  hydrophone  is  assumed  to  result  from  the  Incident  sound  plus 
a certain  fraction  of  reflected  sound  as  long  as  the  fraction  is  the 
same  at  both  hydrophones. 
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Talcing  = 1.023  gm/cm^  as  an  average  for  sea  water  and  In- 
serting the  Boo.rce  constants  mentioned  in  Introduction,  the  calcu- 
lated rms  pressures,  referred  to  one  dyne/cm^,  for  the  source  at 
a quarter  wavelength  depth  over  the  hydrophones  are 

shallow:  P - 43.4  db 

deep:  P = 41.1  db 

The  average  of  the  experimental  values  of  these  quantities  meas- 
ured in  the  different  runs  is 

shallow:  P = 55.8  db 

deep:  P = 48.3  db 

The  observed  difference  between  the  shallow  and  deep  hydrophones 
of  7.5  db  agrees  well  with  the  calculated  7.3  db,  the  uncertainties 
in  the  measurements  being  greater  than  the  difference  of  0.2  db. 

The  absolute  values,  however,  are  seen  to  be  7 db  higher  than  the 
calculated  ones.  Part  of  the  discrepancy  may  be  attributable  to 
bottom  reflected  sound  which  the  calculation  neglects.  Another 
part  might  result  from  a possible  error  in  the  hydrophone  calibra- 
tion previously  discussed.  Both  of  these  effects  are  in  the  di- 
rection to  bring  the  calculated  and  observed  values  into  agreement. 
However,  in  the  absence  of  definite  Information  on  these  effects, 
the  hydrophone  calibration  originally  assumed  has  been  adhered  to 
in  all  of  the  measurements. 


B.  Long  RaTiges 


Measurements  with  the  source  at  large  distances  from  the  de- 
tector have  been  carried  out  off  Bermuda  and  Puerto  Rico  as  sum- 
maa’i^ed  in  Introduction.  The  maps  in  Figs.  7A  and  7B  show  the 
eireafi  in  whith  cperatlons  were  conducted. 

The  Bermuda  operations  were  carried  out  in  October,  1952,  us- 
ing the  Navy  3o^ar  Station  geophone  located  at  a depth  of  425  fath- 
oms of^  tne  eas’ern  end  of  Bermuda.  The  source  at  a depth  of  42  ft 
v;as  towed  by  the  U33  ALLEGHENY  at  a speed  of  3 knots  on  a course 
eouth-'^uct  n on  :ne  goophone  out  to  a range  of  140  miles.  The  water 
depth  averaged  about  2400  fathoms  beyond  25  miles.  The  detection 
equipment  was  u.imilaj’  to  that  shown  in  Fig.  1.  The  calibration  of 
the  geophone  v;ae  ret  known  so  that  absolute  sound  levels  could  not 
be  obtained. 
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The  source  was  operated  about  one  hour  out  of  every  three 
during  the  run.  Records  were  obtained  on  the  logarithmic  level 
recorder  and  on  the  phasemeter.  A part  of  the  level  recorder 
trace  made  when  the  source  was  120  miles  from  the  geophone  Is 
shown  In  Pig.  8.  The  source  was  towed  about  three  miles  in  the 
Interval  covered  by  the  trace.  The  background  noise  coming 
through  the  30  cps  amplifier  Just  before  the  arrival  of  the 
source  signal  may  be  seen  at  the  extreme  left.  The  signal  has 
large  fluctuations  and  occasionally  drops  down  to  the  background 
level.  At  other  tlises,  the  level  remains  fairly  constant,  as  in 
the  vicinity  of  the  time  mark  at  2037  where  It  Is  about  20  db 
above  background.  The  phasemeter  trace  at  such  times  (Fig.  9) 
shows  the  signal  to  be  well  defined  In  frequency,  permitting  an 
accurate  measurement  to  be  made  of  the  Doppler  shift.  The  trace 
In  Fig.  9 shows  the  eourcs  to  oe  approaching  the  geophone  at  a 
speed  of  3.9  knots. 

Other  evidence  for  the  sheuepness  of  the  signal  In  the  ab- 
sence of  fluctuations  was  obtained  from  the  tuning  fork  filters. 
There  were  no  provisions  for  recording  the  filter  outputs  during 
the  Bermuda  operations  but  the  outputs  of  several  could  be  read 
with  vacuum  tube  voltmeters.  The  filter  tuned  closest  to  the 
shifted  frequency  had  an  output  greater  than  the  neighboring  fil- 
ters by  an  amount  comparable  to  that  obtained  when  the  filter 
bank  Is  fed  with  a fixed  frequency  test  signal. 

The  average  speed  of  the  ALLEGHENY  over  the  outgoing  and  re- 
turn runs  as  calculated  from  the  Doppler  measurements  agreed  with 
the  average  speed  determined  by  taking  Loran  fixes  at  Intervals 
during  the  run  to  0.1  knot.  The  agreement  shows  that  only  rays 
leaving  the  source  at  shallow  angles  reach  the  geophone,  for  other- 
wise the  speeds  calculated  from  the  Doppler  effect  would  be  too 
low. 


The  geophone  output  vs  range  is  plotted  In  Fig.  10.  The  sig- 
nal levels  plotted  are  average  values  away  from  the  vicinity  of 
the  large  fluctuations.  The  leveling  off  of  the  signal  for  the 
closest  points  Is  not  understood  but  may  have  been  a result  of  lo- 
cal bottom  conditions.  Out  to  10  miles,  the  pressure  falls  off  at 
an  Inverse  square  rate.  There  Is  a transition  region  between  10 
and  20  miles  after  which  the  pressure  falls  off  more  slowly.  The 
line  drawn  through  the  remaining  points  corresponds  to  cylindrical 
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determination  of  the  slope  from  being  made  with  much 


Range  runs  off  Puerto  Rico  were  made  during  February,  1953, 
using  as  a detector  the  deep  moving  coll  hydrophone.  In  the  di- 
rection d'ue  north  from  the  hydrophone,  the  first  27  miles  in  range 


SECRET 


SECRET 


14 


were  covered  almost  continuously  In  a enries  of  runs  during  which 
the  source  was  towed  at  a depth  of  42  feet.  The  towing  speed  was 
limited  to  three  knots  so  that  It  was  not  practical  to  cover  the 
full  rvange  by  this  procedure.  Instead,  the  source  was  operated  at 
various  stations  along  the  range  while  the  ALLEGHENY  was  drifting. 

It  would  then  be  lifted  clear  of  the  water  so  that  normal  cruising 
speed  could  be  maintained  to  the  next  station,  .^t  each  drift  sta- 
tion the  source  was  operated  at  depths  of  42  feet  and  84  feet.  Meas- 
urements were  made  in  this  manner  out  to  30C  miles.  The  separation 
of  the  drift  stations  leaves  many  gaps  in  the  data,  but  in  these  ex- 
ploratory me asui-eiuents,  greater  value  was  attached  to  obtaining  some 
data  at  large  ranges  rather  than  complete  data  over  a limited  range. 

In  the  dlre-ction  northwest  from  the  hydrophone,  a continuous 
run  was  made  at  the  42  foot  depth  extending  in  range  from  12  to  26 
miles.  The  source  was  also  operated  in  this  direction  from  the  hy- 
drophone at  ranges  of  50  and  74  miles. 

Loran  or  celestial  navigation  was  used  to  determine  the  ship's 
position  at  drift  stations.  As  a check-  it  was  possible  to  deter- 
mine the  ship's  distance  om  the  hydrophone  in  most  instances  by 
having  the  sound  source  l ..rned  off  at  a specified  time,  which  was 
ccmmrnlcated  to  the  shore-based  laboratory  by  radio,  and  noting  the 
interval  which  elapsed  until  the  hydrophone  signal  disappeared. 

When  the  signal  strength  was  not  fluctuating  and  well  above  back- 
ground, this  interval  could  be  measured  to  about  one  second.  In 
these  cases,  distances  calculated  from  the  times  agreed  to  within 
several  miles  with  those  obtained  by  navigation  methods.  In  con- 
verting times  to  distances,  an  average  velocity  was  used  and  no 
attempt  was  made  to  correct  for  the  fact  that  the  ray  paths  are 
greater  than  the  horizontal  range- 

During  the  continuous  runs,  the  ship^s  speed  with  respect  to 
the  hydrophone  was  known  from  the  phasemeter  measurements.  Since 
the  course  was  either  toward  or  away  from  the  hydrophone,  this  cal- 
culated speed  was  taken  to  be  the  actual  one  and  the  ship's  track 
as  a function  of  time  was  determined  by  fitting  a line  with  a slope 
corresponding  to  the  average  speed  through  whatever  fixes  the  ship 
had  made  in  the  course  of  the  run. 

In  the  runs  to  the  north  beyond  50  miles,  the  slgnal-to-nolse 
ratio  through  the  30  cps  amp. ifier  was  often  too  low  for  reliable 
mGasurements  to  be  taken  using  juSt  ihe  level  recorder  and  recourse 
was  made  to  the  tuning  fork  filters.  In  the  runs  to  the  northwest 
and  also  at  Bermuda,  the  signal  was  sufficiently  above  background 
so  that  readings  could  be  taken  directly  from  the  level  recorder. 

A slight  shift  In  tne  cencer  : “’eque  oy  of  the  30  cps  amplifier,  prob- 
ably caused  by  the  effects  of  humioity  on  the  RC  components  of  the 


SECRET 


SECRET 


15 


selective  network,  was  noted  to  have  occurred  during  part  of  the 
r\in  to  the  north.  It  would  not  have  affected  absolute  levels 
since  the  overall  system  was  calibrated  with  a standard  oO  cps 
signal,  but  would  have  lowered  the  slgnal-to-nolse  ratio.  This 
effect  alone,  however,  does  not  seem  sufficient  to  account  for 
the  signal  being  down  to  background  at  times  and  the  following 
factors  are  likely  to  be  pertinent.  The  transmission  character- 
istics In  the  Puerto  Rico  area,  as  will  be  mentioned  later,  fea- 
ture zones  of  very  low  intensity.  Such  zones  were  encountered  in 

the  more  extensive  work  to  be  north  but  not  at  the  two  drift  sta- 

tions "lade  in  the  northwest  direction.  Also,  the  oacicground  noise 
at  Puerto  Rico  was  occasionally  high  because  of  ship  traffic. 

In  order  to  measure  sound  pressure  wltn  the  tu.ilng  fork  fil- 
ters, it  waa  necessary  to  miiltipiy  the  filter  output  hy  c*  factor 
to  take  into  account  the  attenuaclon  caused  by  the  signal  frequen- 
cy differing  slightly  from  the  resonant  frequency  of  the  f lltei , 

The  signal  frequency  was  known  with  respect  to  the  30  cps  tuning 
fork  oscillator  refei=ence  standard  from  the  phaaemetei’  recoid.  Even 

when  the  output  of  the  30  cps  amplifier  was  down  to  baol<gro  jnd  on 

the  level  recorder,  the  frequency  difference  could  still  cv  -ead 
moderately  well  from  the  phasemeter  trace  since  the  uniform  rate 
of  change  of  phase  of  the  signal  stands  out  eigalnst  the  superim- 
posed random  phase  variations  of  the  background  noise.  Knowing 
the  Q’s  of  the  filters  and  their  resonant  frequencies  with  respect 
to  the  standard,  the  filter  corrections  could  then  be  made.  In 
the  measurements,  use  was  made  only  of  the  filters  having  the  high- 
est outputs,  that  is,  those  closest  to  the  signal  frequency. 

The  signal  level  would  frequently  have  large  fluctuations  at 
any  particular  station  similar  to  those  observed  duTlng  the  Ber- 
muda run.  They  appeal'  to  be  functions  of  position  rather  than 
time  since  regions  of  good  and  poor  signal  reception  were  more 
spread  out  in  rime  when  The  ship  was  drifting  than  when  it  was 
under  way.  The  fluctuations  are  perhaps  attributable  to  multi- 
path  ' terference  effects. 


Because  of  the  Indirect  procedure  which  is  necessary  in  ob- 
taining scund  pressure  levels  from  the  tuning  fork  filters,  such 
values^  ar'e  likely  to  be  more  uncertain  than  those  taken  directly 
from,  the  level  recorder  which  are  avei  age  values  away  from  the 
vicinity  of  large  fluctuation..^  In  using  the  tuning  fork  filters, 
a value  for  a pariicu.iar  sour  us  depth  at  a drift  station  was  ob- 
tained by  taking  the  lime  average  of  the  signal,  excluding  inter- 
vals of  several  minutes  in  which  the  transient  behavior  of  the  fil- 
ters predominate,  such  as  occur  following  the  initial  arrival  of  the 
signal  or  after  a lax'ge  fluctuation.  Unless  the  signal  Is  constant, 
differences  between  rhe  juevel  recorder  and  tuning  fork  filter  values 
might  be  expected  because  of  their  differing  response  times.  In 
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regions  where  values  from  "both  can  be  compared,  an  extreme  discrep- 
ancy of  4 db  was  noted,  the  average  being  about  2 db. 

In  Fig.  11,  sound  pressure  vs  range  is  plotted  for  the  direc- 
tions north  and  northwest  from  the  deep  hydrophone.  Considering 
first  the  northerly  direction,  the  range  values  extend  out  to  300 
miles.  Shot  data  and  a ray  analysis  covering  most  of  this  region 
have  been  presented  in  a previous  report.’  In  the  region  from  3 to 
30  miles,  sound  pressure  is  proportional  to  The  shot  data 

indicate  a slower  decrease,  proportional  to  R“^*l,  which  the  ray 
analysis  can  yield  using  reasonable  values  for  the  bottom  parameters. 
The  rays  from  the  source  which  are  effective  in  reaching  the  hydro- 
phone are  those  which  leave  at  increasingly  smaller  angles  with  the 
surface  as  range  Increases.  The  faster  decrease  observed  with  the 
sound  source  could  arise  from  the  fact  that  the  radiation  from  the 
source  decreases  with  angle. 

Beyond  35  miles,  the  water  depth  remains  greater  than  2800  fath- 
oms and  deep  water  transmission  is  predicted  with  peaks  in  intensity 
at  35  mile  Intervals  and  regions  of  low  level  in  between.  The  water 
depth  along  the  course  of  the  Bermuda  run  was  not  sufficiently  great 
for  this  characteristic  peaking  to  be  manifest. 

The  experimental  points  beyond  27  miles  are  all  based  on  tun- 
ing fork  filter  values  for  consistency.  They  are  too  widely  sep- 
arated to  permit  the  shape  of  the  curve  to  be  Inferred,  but  are  con- 
sistent with  the  peaks  and  dips  appearing  in  the  more  detailed  shot 
results.  In  partlcularj,  the  point  at  38  miles  is  one  of  very  low 
level  in  agreement  with  the  shot  data  and  ray  analysis. 

In  the  direction  northwest  from  the  hydrophone,  the  continuous 
range  covered  was  not  extensive  enough  to  enable  an  average  slope 
to  be  determined  well,  considering  the  spread  of  the  points.  No  ray 
tracing  has  been  carried  out  in  this  direction.  From  12  to  18  miles, 
the  sound  pressure  decreases  on  the  average.  It  then  increases  out 
to  21  miles  after  which  it  falls  off  rapidly,  similar  to  the  sharp 
drop  which  occurred  in  the  northerly  direction  at  a somewhat  greater 
range.  The  remaining  points  at  50  and  74  miles  ai.'e  almost  as  high 
in  level  as  the  point  at  26  miles. 


Values  obtained  at  the  84  foot  source  depth  are  also  plotted  in 
Fig.  11.  On  the  basis  of  the  radiation  patterns,  the  84  foot  depth 
should  give  a prestjure  level  6 db  greater  than  the  42  foot  depth  for 
rays  leaving  at  small  angles  with  the  surface.  The  observed  differ- 
ences range  from  3 to  12""db.  As  has  been  mentioned,  regions  of  good 
and  poor  signal  reception  which  are  observed  to  occur  in  the  same 
general  area  seem  to  be  functions  of  position.  Because  of  the  ship’s 
drift,  measurements  at  the  two  depths  at  the  same  station  can  differ 
in  position  by  one-half  mile  and  sc  may  not  be  strictly  comparable. 
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Measurements  of  the  Doppler  shift  during  these  range  runs  again 
provide  evidence  for  the  aharpness  of  the  signal,  as  was  the  case  dur- 
ing the  Bermuda  run.  Pig.  12  shows  the  phasemeter  record  at  a time 
of  good  signal  reception  when  the  source  was  50  miles  northwest  of  the 
hydrophone.  The  frequency  of  the  standard  30  cps  oscillator  exceeds 
the  signal  frequency  by  0.005  cps,  as  determined  from  the  trace.  In- 
dicating that  the  ALLEGHENY  was  drifting  away  from  the  hydrophone  at 
1/2  knot.  The  point  to  be  noted  in  connection  with  this  figure  is 
that  the  uniform  phase  change  with  time  defines  the  slope  of  the  trace 
sufficiently  well  so  that  the  small  frequency  difference  of  0.005  cps 
can  be  determined  to  at  least  0.001  cps.  This  figure  Is  an  upper  lim- 
it since  it  includes  uncertainties  caused  by  possible  fluctuations  In 
the  source  Itself  and  by  background  noise  in  the  amplifier  pass  band. 
At  300  miles,  the  slgnal-to-nolse  ratio  was  poorer  giving  a fuzzier 
phasemeter  trace  from  which  frequency  differences  cannot  be  determined 
as  well.  However,  the  tuning  fork  filters  detected  the  signal  dis- 
tinctly and  from  the  differences  in  output  between  adjacent  filters, 
we  C6U1  list  an  upper  limit  on  line  broadening  of  0.01  cps.  This  does 
not  mean  that  there  was  a measureable  Increase  In  line  width  at  the 
large  ranges  but  simply  that  we  could  not  place  as  small  an  upper  lim- 
it on  it  at  the  greater  distances. 

The  limits  that  we  have  listed  on  the  extent  of  possible  line 
broadening  show  the  existence  of  a central  signal  component  sharply 
defined  in  frequency  but  they  do  not  preclude  the  possibility  of  sig- 
nal energy  appearing  in  sldebiinds  about  this  central  component,  as 
would  be  the  case  if  the  signal  were  subject  to  some  kind  of  modula- 
tion. The  observations,  then,  can  be  taken  to  indicate  that  the  sig- 
nal in  its  transmission  through  the  water  does  not  suffer  any  random 
phase  variations  or  other  types  of  modulation  sufficient  to  alter  the 
sharpness  of  the  central  frequency.  If  some  signal  energy  is  diverted 
into  sidebands,  they  are  Inappreciable  in  the  Immediate  vicinity  of 
the  central  frequency,  that  is,  within  a few  hundredths  of  a cps  of 


CONCLUSION 
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sound  pressure  as  a function  of  range  over  a region  in  which  the 
transmission  char-acterlstics  are  of  Interest,  the  use  of  a contin- 
uous wave  source  enables  results  to  be  obtained  directly  without 
any  lengthy  analysis, as  Is  required  in  evaluating  shot  data.  A con- 
tinuous source  does  not  supplant  shot  work  completely  in  that  the 
latter  enabies  individual  arrival  paths  to  be  studied  experimentally. 
In  Che  direction  north  of  our  hydrophone  Installation  at  Puerto  Rico, 
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shot  data  and  a ray  tracing  analysis  aj'e  available  for  comparison 
with  the  continuous  source  data.  The  agreement  la  fair  Insofar  as 
it  goes  but  the  sparsity  of  continuous  source  measurements  at  the 
large  ranges  prevents  a close  comparison  from  being  made  In  those 
regions.  The  incomplete  coverage  of  the  large  ranges  resulted  from 
difficulties  In  towing  the  source. 

In  working  with  the  continuous  source,  large  dips  In  signal 
level,  which  were  attributed  to  multi-path  interference  effects, 
were  often  noted.  To  avoid  ambiguity,  the  practice  was  to  reeid 
signal  levels  away  from  these  fluctuations. 

One  of  the  principal  objectives  of  these  measurements  was  to 
determine  a possible  broadening  of  the  signal  In  its  passage  through 
the  ocean.  The  concluslone,  which  are  stated  In  more  detail  at  the 
end  of  the  preceding  section,  are  as  follows:  A 20  cps  sound  sig- 

nal, although  at  times  subject  to  large  amplitude  variations,  which 
made  phase  measurements  ambiguous,  at  other  times  maintains  its 
phase  coherency  out  to  300  miles,,  which  is  as  far  as  we  went.  The 
use  of  arrays  and  sharp  filters  In  long  range  listening  systems  de- 
signed to  detect  harmonic  sound  sources  consequently  appears  to  be 
well  Justified, 
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BLOCK  0IA6RAM  OF  DETECTION  EQUIPMENT 
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RESPONSE  OF  TUNING  FORK  FILTERS  TO  30  CPS  TEST  SIGNAL. 


FIG.  4 

RADIATION  PATTERN  OF  SOURCE 
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FIG.  5 

SOUND  SOURCE  PASSING  OVER  SHALLOW  HYDROPHONE  (200  fa),  PUERTO  RICO 


FIG.  6B 

GOMP/^ISON  OF  THEOGY 


HOniZONTAU  RANGE  OF  SOURCE  FROM  H^rOR 


FIGURE  7B 
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MERCATOR  PROv<ECTION 
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FIG.  8 
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FIG.  9 

SOUND  SOURCE  OPERATING  120  MILES  S.E.  OF 
WERMUOA  SOFAR  STATION  GE£>PHONE  (42S  fa) 
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FIG.  10 
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